The quantum internet 1 is predicted to be the next-generation information processing platform, promising secure communication 2,3 and an exponential speed-up in distributed computation 2, 4 . The distribution of single qubits over large distances via quantum teleportation 5 is a key ingredient for realizing such a global platform. By using quantum teleportation, unknown quantum states can be transferred over arbitrary distances to a party whose location is unknown. Since the first experimental demonstrations of quantum teleportation of independent external qubits 6 , an internal qubit 7 and squeezed states 8 , researchers have progressively extended the communication distance. Usually this occurs without active feed-forward of the classical Bell-state measurement result, which is an essential ingredient in future applications such as communication between quantum computers. The benchmark for a global quantum internet is quantum teleportation of independent qubits over a free-space link whose attenuation corresponds to the path between a satellite and a ground station. Here we report such an experiment, using active feed-forward in real time. The experiment uses two free-space optical links, quantum and classical, over 143 kilometres between the two Canary Islands of La Palma and Tenerife. To achieve this, we combine advanced techniques involving a frequency-uncorrelated polarization-entangled photon pair source, ultra-low-noise single-photon detectors and entanglementassisted clock synchronization. The average teleported state fidelity is well beyond the classical limit 9 of two-thirds. Furthermore, we confirm the quality of the quantum teleportation procedure without feed-forward by complete quantum process tomography. Our experiment verifies the maturity and applicability of such technologies in real-world scenarios, in particular for future satellite-based quantum teleportation.
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Significant progress has been made recently in the field of quantum communication based on optical free-space links [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , which potentially allow much larger propagation distances compared to the existing fibre networks because of the lower photon loss per kilometre. To enable quantum communication on a global scale and among parties not having access to any fibre network, it is foreseeable that experiments will involve ground-to-satellite 10, 11, 15 and inter-satellite links. Previous experiments focused on the distribution of quantum states of single photons or entangled photon pairs over optical free-space links. However, the realization of more sophisticated multiphoton quantum information protocols, such as quantum teleportation, remained an experimental challenge under real-world conditions. Quantum teleportation is based on the simultaneous creation of at least three photons, which for random photon pair sources reduces the count rate by several orders of magnitude compared to experiments using only two photons 16, 19 . This decreases the signal-to-noise ratio and requires a long integration time, such that high system stability is necessary. Moreover, the complexity and environmental requirements of a quantum teleportation set-up are increased significantly compared to previous two-photon experiments, which provides significant experimental and technological challenges. The work presented in ref. 18 was a significant achievement in long-distance quantum communication, harnessing the entanglement between different degrees of freedom of a single photon. However, because the teleported qubit was not provided independently from the outside, the applicability of that scheme is limited. Most earlier experiments on teleportation of qubits and squeezed states [6] [7] [8] were in-laboratory demonstrations, and hence the communication distances were rather short. Although fibre-based teleportation has been demonstrated experimentally 20, 21 , the maximum transmission distance is limited by the intrinsic photon loss in optical fibre, unless quantum repeaters are involved 22 . In comparison to these previous studies, the experiment presented in this Letter achieves long-distance free-space teleportation of an independent quantum state, thus paving the way for satellitebased global quantum communication.
Quantum teleportation relies on using both a quantum channel and a classical channel between two parties, usually called Alice and Bob 
which is one of the four maximally entangled Bell states
. jHae and jVae denote the horizontal and vertical polarization states. Alice and Bob share this entangled state, where photon 2 is with Alice and photon 3 is with Bob. Charlie provides the input photon 1 to be teleported to Alice in a general polarization state
where a and b are complex numbers (jaj 2 1 jbj 2 5 1), unknown to both Alice and Bob.
Alice then performs a Bell-state measurement (BSM), projecting photons 1 and 2 randomly onto one of the four Bell states each with the same probability of 25%. As a consequence, photon 3 is projected onto the input state jwae, up to a unitary transformation (U), which depends on the outcome of the BSM. When Alice feeds the outcome of the BSM forward to Bob via the classical channel, he can implement the corresponding unitary operation in real time and thus obtain photon 3 in the initial state (equation (2)) of photon 1. If jY Our experiment was conducted between Alice's transmitter station (at the Jacobus Kapteyn Telescope (JKT) of the Isaac Newton Group on La Palma) and Bob's receiver station (at the Optical Ground Station (OGS) of the European Space Agency on Tenerife), separated by 143 km, both at altitudes of about 2,400 m. Our experimental set-up is shown in Fig. 1b . At La Palma, near-infrared femtosecond pulses (with a central wavelength of 808 nm) emitted from a mode-locked Ti:sapphire laser, with a repetition rate of 80 MHz, were up-converted to blue pulses (with a central wavelength of 404 nm). They were used to generate two photon pairs via type-II spontaneous parametric down conversion (SPDC) in two nonlinear b-barium borate (BBO) crystals placed in sequence. The first SPDC source was aligned to emit the entangled auxiliary photon pairs (photons 2 and 3) in the jY 2 ae 23 state 24 , equation (1), while the second crystal was a heralded single-photon (HSP) source providing Charlie's photon 1 to be teleported. That source delivered pairs of horizontally (photon 0) and vertically (photon 1) polarized photons in a product state. The detection of photon 0 by the avalanche photodiode (APD) t served as a trigger to herald the presence of photon 1. All photons were spectrally filtered using interference filters (IF) and coupled into single-mode fibres for spectral and spatial mode selection.
To realize the BSM, Alice's photon 2 was overlapped on a fibre beam splitter (FBS) with the teleportation input photon 1, whose polarization was arbitrarily prepared by Charlie using half-and quarter-wave plates (HWP and QWP). In each output port of the FBS, a polarizing beam splitter (PBS) was used to project these photons on either horizontal or vertical polarization. Fibre polarization controllers (FPCs) were used to compensate for unwanted polarization rotation induced , and sends the result via the classical feed-forward channel to Bob. Photon 3 is sent via the free-space quantum channel to Bob, who applies a unitary transformation (identity operation or p phase shift) on photon 3 depending on the BSM result and thus turns its state | wae 3 into a replica of the initial quantum state | wae 1 .
b, Set-up. In La Palma, a frequency-uncorrelated polarization-entangled photon pair source generated photons 2 and 3 in BBO 1 (EPR/Alice) and a collinear photon pair source generated photons 0 and 1 in BBO 2 (HSP/Charlie). All single photons were coupled into single-mode fibres. For implementing the BSM, photons 1 and 2 interfered in a fibre beam splitter (FBS) followed by polarization-resolving single-photon detection (BSM/Alice). Photon 3 was guided to the transmitter telescope via a 100-m single-mode fibre and sent to Bob in Tenerife, where the unitary transformation was implemented using an electro-optical modulator (EOM) and photon 3's polarization was measured. A real-time feed-forward operation was implemented by encoding the | Y 1 ae 12 BSM result in 1,064-nm laser pulses, which were then sent to Bob via the feedforward channel. On Bob's side, they were separated by a dichroic mirror (DM), detected with a photodetector (PD) and used to trigger the EOM to perform the required p phase shift operation. See main text for details.
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by the fibres. Our BSM can identify two out of the four Bell states, which is the optimum achievable with linear optics only 25 . For more details on our BSM, see Supplementary Information. While the BSM was being performed at Alice, photon 3 was guided to a 7-cm-aperture transmitter telescope through a 100-m-long single-mode fibre and then sent via a 143-km free-space quantum channel over to Bob in Tenerife. There, it was collected by the 1-m-aperture OGS telescope, and guided through its Coudé path to Bob.
In the first stage of our experiment, we only considered the cases where Alice detected jY 2 ae 12 in the BSM, which results in photon 3 being already in the state of the input photon, jwae 1 , and hence Bob was required to perform an identity operation, that is, to do nothing at all. We verified the success of the teleportation process by analysing the polarization state of photon 3, which was accomplished by a polarization analyser, consisting of a quarter-and a half-wave plate and two free-space coupled Si-APDs (silicon avalanche photodiodes) placed in each output mode of a polarizing beam splitter.
In the second stage of our experiment, we implemented a real-time feed-forward operation. When Alice obtained jY 1 ae 12 , she sent this classical information to Bob. On receiving this information, Bob had to apply a p phase shift between the jHae and jVae components of photon 3 to obtain the replica of the input state jwae 1 . For further details on the feed-forward implementation, see Supplementary Information.
The relevant events on Alice's and Bob's sides were recorded with separate time-tagging units each disciplined to the global positioning system (GPS) 14 . First, Alice in La Palma identified the threefold coincidence events corresponding to the jY 6 ae 12 outcomes of the BSM. This was done using a coincidence logic circuit featuring two separate output signals realized with transistor-transistor logic (TTL) pulses. These TTL pulses were fed into a time-tagging unit which recorded the exact time and the BSM result into a binary file. Similarly, Bob fed either the signals of both detectors (stage 1, without feed-forward) or the coincidence between these signals and the BSM results sent via 1,064-nm laser pulses (stage 2, with feed-forward) into his time-tagging unit. After a measurement run was completed, both time-tagged data files were compared by cross-correlation, and the detection events associated with simultaneous detection of four photons originating from the same pump pulse were identified.
The real-life long-distance environment provided a number of challenges for the present teleportation experiment. These challenges resulted most significantly in the need to cope with an extremely low signal-to-noise ratio when using standard techniques-indeed, too low to perform a successful experiment. To enhance the signal-to-noise ratio to a level that made the experiment possible, we used the following advanced techniques: a frequency-uncorrelated polarizationentangled photon pair source [26] [27] [28] , ultra-low-noise large-active-area single-photon detectors at Bob 29 , and entanglement-assisted clock synchronization 13, 14, 17 . Whereas all these techniques have been implemented individually, our work is (to our knowledge) the first that combines all of them simultaneously and moreover in an outdoor environment. See Supplementary Information for details.
First we present our results without feed-forward, where we only considered the BSM outcome jY 2 ae 12 . The input state jwae 1 was always approximately one of the four ideal input states
We performed tomographic measurements on three consecutive nights, thereby accumulating data over 6.5 h. Figure 2 shows the state tomography results of quantum teleportation. The measured density matrix r for each of these teleported states was reconstructed from the experimentally obtained data using the maximum-likelihood technique 30 . The fidelity of the teleported state is defined as the overlap of the ideal teleported state jw ideal ae with the measured density matrix: f 5 AEw ideal jrjw ideal ae. For this set of states, the teleported state fidelities are measured to be f 5 0.890(42), 0.865(46), 0.845 (27) and 0.852(37), yielding an average f~0:863 38 ð Þ, where digits in parentheses represent 1s uncertainties, for example, f~0:863+0:038. During these measurements the link attenuation varied from 28.1 dB to 39.0 dB, which was mainly caused by rapid temperature change and strong wind. Despite such high loss in the quantum free-space channel, the classical average fidelity limit 9 of 2/3 was clearly surpassed by our observed fidelities, as shown in Fig. 3 . (Note that our random sampling of the input states over the mutually unbiased bases states leads to the same classical limit as sampling over the whole Bloch sphere. Also, it does not matter whether the sampling is done over all six mutually unbiased basis states or over three states with one state per basis.) Therefore, we have explicitly demonstrated quantum teleportation over the 143-km free-space channel. The data shown comprise a total of 605 fourfold coincidence counts in about 6.5 h. The uncertainties in state fidelities extracted from these density matrices are calculated using a Monte Carlo routine assuming Poissonian errors.
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The reconstructed density matrices of the teleported quantum states allow us to fully characterize the teleportation procedure by quantum process tomography. The four input states (r ideal 5 jw ideal aeAEw ideal j 5 jHae AEHj, jVae AEVj, jPae AEPj, jLae AELj) are transferred to the corresponding (reconstructed) output states r. We can completely describe the effect of teleportation on the input states r ideal by determining the process matrix x, defined by r~P 3 l,k~0 x lk s l r ideal s k , where the s i are the Pauli matrices with s 0 the identity operator. The process matrix x can be computed analytically from these four equations for the four different input and output states 2 . The ideal process matrix of quantum teleportation x ideal has only one non-zero component, (x ideal ) 00 5 1, meaning the input state is teleported without any reduction in quality. Figure 4a and b show respectively the real and imaginary components of x for quantum teleportation based on our experimental results. The process fidelity of our experiment was f process 5 Tr (x ideal x) 5 0.710(42). This clearly confirmed the quantum nature of our teleportation experiment as it is five standard deviations above the maximum process fidelity of 0.5, which is the limit one can reach with a classical strategy where Alice and Bob do not share any entanglement as a resource.
In the second stage of the experiment, we realized quantum teleportation including real-time feed-forward of the BSM result over the 143-km classical channel. We set jPae and jRae states ( R j i~H j izi V j i ð Þ ffiffi ffi 2 p ) as input states for which the required p phase shift between the jHae and the jVae components of photon 3 resulted in a 90u polarization rotation. However, for the jHae or jVae input state, feed-forward is irrelevant because a p phase shift would only result in a non-detectable global phase shift. Thus, the quality of teleportation of these states is already confirmed by our first-stage experiment. Realizing teleportation for the states jPae and jRae fully confirms the generality of the procedure, as these states belong to different mutually unbiased bases. In Tenerife, we analysed photon 3 in the eigenbasis of the input state, that is, the jPae/ jMae (jRae/jLae) basis when the input state was jPae (jRae). Here
The resultant fidelities of the teleported states are 0.760(50) and 0.800(37) for jPae and jRae, respectively (red bars in Fig. 3 ). Both results are clearly above the classical fidelity bound. Note that in our experiment, the efficiency of the classical link was measured to be 21.3%, which was mainly due to amplitude fluctuations caused by atmospheric turbulence.
Using the real-time feed-forward operation, we unambiguously experimentally demonstrated quantum teleportation from La Palma to Tenerife over a 143-km free-space channel. We note that from a conceptual perspective, real-time feed-forward is part of the original teleportation proposal 5 . Ultimately, the advantage of long-distance teleportation compared to just sending the quantum state itself may lie in the following future applications: if Alice and Bob can stockpile their entangled states beforehand (with the help of quantum memories), teleportation is advantageous if the quantum channel is of low quality or if Bob's location is unknown to Alice. This is because Alice can broadcast the classical information with high quality and to arbitrary, or even unknown, locations 5 . (Also, the quantum repeater, which is of high importance for large-scale quantum networks, is based on teleportation in the form of entanglement swapping 31 .) Specifically, this advantage also shows the usefulness of quantum teleportation even for quantum channels that allow only small transmission rates. We note that over the years teleportation sources have been markedly improved. We believe this development will continue and currently several new schemes are being pursued.
Our work proves the feasibility of both ground-based and satellitebased free-space quantum teleportation. Our quantum teleportation set-up was able to achieve coincidence production rates and fidelities sufficient to cope with the optical link attenuation resulting from various experimental and technical challenges; such challenges will arise in quantum transmission between a ground-based transmitter 1, 2, 3 ). For the ideal case, the only non-zero component of the process matrix of quantum teleportation, x ideal , is (x ideal ) 00 5 1, which is indicated by the wire grid. Our experiment clearly confirmed that x 00 (identity operation) is indeed the dominant component and surpasses the classical limit.
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and a low-Earth-orbiting satellite receiver 32 . In fact, some of the demands of our experiment were even more challenging than in satellite communication since there the atmospheric distances to be overcome are certainly shorter than the distance between Tenerife and La Palma. In addition, acquiring, pointing and tracking (APT) for diffraction-limited transmitter and receiver telescopes in space is a well-established technology. Therefore, our experiment represents a crucial step towards future quantum networks in space, which require space-to-ground quantum communication. During the finalization of our manuscript, a related work was reported 33 that used a 150-Hz APT system, while our APT system operated at a few hertz, yet fast enough to fulfil the specific requirements of our experiment. The most significant distinction between ref. 33 and the experiment presented in this Letter is our implementation of an active feed-forward technique. The technology implemented in both experiments has certainly reached the required maturity for both satellite and long-distance ground communication. We expect that many of the features implemented here will be important building blocks for a new area of experiments.
